from Ϸ10-to Ϸ5-fold. ** , P Ͻ 0.01; *** , P Ͻ 0.001. n.s., not significant. channel gating ͉ PDZ proteins ͉ phosphorylation N MDA receptors (NMDARs) are glutamate-gated ion channels and are localized to excitatory synapses throughout the brain. Each receptor molecule is a tetramer of NR1 and NR2A-D subunits, which assemble in the endoplasmic reticulum to form functional channels with differing channel properties (1) . Further molecular diversity arises by alternative splicing of the NR1 subunit (2) . Targeting of NMDARs to synaptic sites is dynamically regulated in an activity-dependent manner and is thought to play a role in normal synaptic transmission and in some forms of NMDARdependent synaptic plasticity (3) (4) (5) . Assembled NMDARs are targeted selectively to the postsynaptic side of glutamatergic synapses (6) and appear (together with AMPA receptors) at nascent synapses within 1-2 h of initial axodendritic contact (7) . NMDARs are primarily NR2B-containing at early ages; as neurons mature, there is a progressive inclusion of NR2A subunits in synaptic NMDARs (8) .
Synaptic NMDARs are localized to postsynaptic densities (PSDs) at excitatory synapses, where they are structurally organized (and spatially restricted) in a large macromolecular signaling complex composed of scaffolding and adaptor proteins, which physically link the receptors to kinases, phosphoprotein phosphatases, and other signaling molecules (9) (10) (11) (12) . Synaptic scaffolding proteins not only regulate receptor trafficking and anchoring at synaptic sites but also regulate receptor function. Overexpression of PSD-95 promotes NMDAR clustering (13) , accelerates maturation of excitatory synapses (14) , reduces NMDAR desensitization (15) , and, at cerebellar granule cell synapses, preferentially stabilizes NR1/ NR2A (vs. NR1/NR2B) receptors (16) . PSD-95 expression in heterologous cells increases the NMDA channel opening rate (17) , enhances receptor insertion (17) , and inhibits receptor internalization (17) (18) (19) , thereby enhancing the residence time of receptors at the cell surface.
Regulation of neuronal NMDARs by protein kinases plays a critical role in synaptic transmission and synaptic plasticity of NMDAR excitatory postsynaptic currents (EPSCs; refs. 20 and 21). PKC potentiates NMDA currents and single channel activity in recombinant expression systems and in neurons (22, 23) . PKC activation promotes trafficking of new channels to the cell surface by SNARE-dependent exocytosis and enhances the NMDA channel-opening rate (23) , mechanisms implicated in long-term potentiation of NMDAR-EPSCs at mature hippocampal CA1 synapses (24) . Activity-and casein kinase II-dependent phosphorylation of Ser-1480 within the PDZ-binding motif of the NMDAR NR2B subunit disrupts the interaction of NMDARs with PSD-95 and SAP102 and reduces NMDAR surface expression at synaptic sites (25) . These findings demonstrate that kinase-dependent phosphorylation regulates interaction of synaptic scaffolding proteins with NMDARs. Conversely, PSD-95 attenuates PKC potentiation of NMDARs expressed as the ratio of potentiated to control responses (26) (27) (28) . However, the molecular mechanisms by which synaptic scaffolding proteins modulate kinase effects on NMDAR gating and trafficking are not well delineated.
The present study demonstrates that association of PSD-95 with synaptic NMDARs partially occludes PKC potentiation in Xenopus oocytes. Xenopus oocytes provide geometric simplicity and enable analysis of a homogenous population of receptors. Experiments involving whole-cell and patch-clamp recording and cell-surface immunolabeling reveal that PSD-95 increases NMDAR surface expression and the opening rate of NR2A receptors, but that final values after PKC potentiation are unaffected by PSD-95 expression. Thus, PSD-95 reduces the PKC potentiation ratio for these parameters. Site-directed mutagenesis reveals that Ser-1480 within the ESDV (PDZ-binding) motif of the NR2A subunit is required for the effects of PSD-95 on NMDARs. Coimmunoprecipitation of neuronal proteins reveals that PKC activation promotes assembly of NMDARs but does not alter the number of NMDARs associated with PSD-95. PSD-95/SAP90 family proteins appear strategically poised to modify kinase-dependent regulation of NMDAR gating and trafficking at synaptic sites. expressing NR1-4b (NR1 100 )/NR2A receptors. In a subset of cells, PSD-95 mRNA was injected 48 h after injection of NMDAR mRNAs, and responses were elicited 24 h later. NR1-4b/NR2A receptors exhibit the greatest PKC potentiation ratios (22) . Currents were elicited by bath application of NMDA (100 M) with glycine (10 M). Coexpression of PSD-95 with NMDARs enhanced basal NMDA-elicited currents (potentiation to Ϸ2-fold of control; Fig. 1 A-C) . The effect of PSD-95 on basal NMDA currents increased with increasing quantity of PSD-95 mRNA injected and was maximal at 20 ng of mRNA per cell, the amount used in these experiments (data not illustrated). Activation of PKC by application of 12-O-tetradecanoyl phorbol-13-acetate (TPA) potentiated NMDA currents to nearly the same final value in the absence and presence of PSD-95 , and the potentiation ratios were Ϸ10-and Ϸ5-fold, respectively (Fig. 1C) . Thus, PSD-95 expression enhanced basal NMDA currents and partially occluded PKC potentiation (Fig. 1D ).
PSD-95 and PKC Potentiate NMDA Channel Activity in a Nonadditive
Manner. To examine mechanistically the interactions between PSD-95 and PKC potentiation, we recorded NMDA channel activity in outside-out patches excised from oocytes expressing NMDARs in the absence or presence of PSD-95. In patches excised from cells expressing NMDARs alone or with PSD-95, NMDA (10 M plus glycine) activated channels with a conductance, ␥ ϭ 50 Ϯ 1 pS, which did not vary with voltage; there was no change in reversal potential, E rev ϭ Ϸ0 mV (n ϭ 5; Fig. 2 A-D from Ϸ10-to Ϸ5-fold. ** , P Ͻ 0.01; *** , P Ͻ 0.001. n.s., not significant. lative charge transfer, Q (17, 23)] was 1.24 Ϯ 0.23 ϫ 10 6 (n ϭ 21). Because PSD-95 expression does not detectably alter channel conductance or reversal potential (Fig. 2 A, B , and D) and does not change the affinity of NMDARs for MK-801 at high agonist concentration (29) , PSD-95 should not affect k bl , the rate constant of block. From the measured increase in Q, PSD-95 expression increased N to Ϸ1.3-fold of control (P Ͻ 0.05; Fig. 3 C, D, and J) , a value that accounts for a major component of the increase in NMDA current measured at the peak of the response before MK-801 application (I PSD /I control ϭ 1.6, n ϭ 28 and 26, respectively; P Ͻ 0.001; Fig. 3I ). PKC activation increased N to 3.7-fold of control in the absence of PSD-95 (N TPA /N control ϭ 2.99; n ϭ 16 and 21, respectively; Fig. 3 C, D, and K) , a value that accounts for a major component of the PKC potentiation of NMDA-elicited current (I TPA /I control ϭ 3.88, n ϭ 19 and 26, respectively; Fig. 3I ). PKC activation potentiated N to 3.2-fold of control in the presence of PSD-95, to nearly the same final value as in the absence of PSD-95 (NMDAR cells, 3.7 Ϯ 0.6 ϫ 10 6 ; n ϭ 16; NMDAR ϩ PSD-95 cells, 3.2 Ϯ 0.4 ϫ 10 6 ; n ϭ 13, not significant; Fig. 3 C, D, and K) . Thus, PSD-95 reduced the degree of PKC potentiation, measured as the ratio of the number of functional channels per cell after and before PKC activation (N TPA /N control ϭ 2.99 in the absence of PSD-95, N TPA /N control ϭ 2.00 in the presence of PSD-95, n ϭ 16 and 13; Fig.  3K ). Neither PSD-95 expression nor PKC activation, nor the two together, significantly altered channel open probability, p o [calculated from I and N (17, 23); Fig. 3J ]. Thus, the major effect of PSD-95 and PKC is to increase the number of functional channels at the cell surface, and the PSD-95-induced increase partially occludes PKC potentiation. These findings confirm and extend our earlier studies of PKC potentiation and PSD-95 expression evaluated separately (17, 23) .
As an independent measure of the effect of PSD-95 and PKC on NMDA channel gating, we analyzed the rate of decay of NMDAelicited currents in the presence of MK-801 (Fig. 3 E-H) . Provided that k bl [MK-801] Ͼ Ͼ k ␣ and k ␤ (the closing and opening rates, respectively), the late decay of the current can be described by a single exponential with a rate constant equal to the opening rate Table 1 .
PSD-95 and PKC Enhance NMDAR Surface Expression in a Nonadditive
Manner. PKC activation and PSD-95 expression enhance NMDAR surface expression assessed by immunofluorescence with an antibody that recognizes the N-terminal domain of the NR1 subunit (17, 23) . We measured immunofluorescence of intact, nonpermeabilized cells expressing NMDARs in the absence or presence of PSD-95. Control cells expressing NMDARs alone exhibited clear immunofluorescence that appeared confined to the external surface in cross-sectional and tangential images (Fig. 4 A and B) . PSD-95 expression enhanced NR1 surface fluorescence to Ϸ2-fold of control (Fig. 4 C, D, and K) . PKC increased NR1 surface fluorescence to Ϸ3.6 Ϯ 0.4-fold of control in the absence (n ϭ 12; P Ͻ 0.01) and Ϸ1.6 Ϯ 0.2-fold in the presence (n ϭ 10; P Ͻ 0.05; Fig. 4 G, H, and K) of PSD-95. As observed for channel number, the fluorescence level after PKC activation was the same with or without PSD-95; thus, PSD-95 potentiation of NMDAR surface expression partially occluded PKC potentiation. Little or no immunofluorescence was observed for cells reacted with FITC-tagged secondary antibody in the absence of primary antibody (Fig. 4I ) or for control cells (H 2 O-injected) labeled with primary and second- ary antibodies (Fig. 4J) . These findings verify the specificity of the immunofluorescence labeling.
Nonadditivity of PSD-95 and PKC Is Independent of NR1 Alternative
Splicing. Alternative splicing of the NR1 C-terminal tail markedly affects the degree of PKC potentiation of NMDARs (22) . Whereas NR1-4b/NR2A receptors exhibit Ϸ10-fold potentiation (Fig. 1D) , and NR1-1a/NR2A receptors exhibit Ϸ6 fold potentiation (Fig.  5A) . In cells expressing NR1-1a/NR2A receptors, PSD-95 increased NMDA-elicited currents Ϸ1.3-fold (Fig. 5A Left) . For each splice variant, PKC potentiated the NMDA current to nearly the same final value in the absence or presence of PSD-95, consistent with partial occlusion of PKC potentiation by PSD-95. In the case of NR1-1a/NR2A receptors, PSD-95 reduced PKC the potentiation ratio from Ϸ6-to Ϸ3-fold (P Ͻ 0.05; Fig. 5A Right) . Similar results were observed for NR1-1b/NR2A receptors, indicating that the N1 splice cassette had little or no effect on potentiation by PSD-95 or PKC alone or in combination (Fig. 5B) . For NR1-2b/ NR2A receptors, again, the final NMDA current after PKC potentiation was the same in the absence or presence of PSD-95, and PSD-95 reduced PKC potentiation from Ϸ9-to Ϸ4 fold (Fig. 5C) . Similar results were obtained for NR1-4b/NR2A receptors (Fig. 1) , indicating that exchange of C2Ј cassette for the C2 cassette had little or no effect on potentiation by PSD-95 or PKC alone or in combination. The C2Ј cassette contains a putative PDZ-binding motif, which appears to play little or no role in the regulation of NMDAR trafficking or gating by either PSD-95 or PKC. Moreover, truncation of the NR1 subunit, which removes the C1, C2, and C2Ј cassettes, was without effect (not illustrated).
Ser-1462 in NR2A Is Required for PSD-95 Action on NMDARs.
NMDARs bind synaptic scaffolding proteins such as PSD-95 by a PDZ-recognition motif (ESDV) present at the distal end of the C-terminal tails of the NR2A and NR2B subunits (13, 30) . To examine whether the effects of PSD-95 on NMDAR trafficking and gating are due to a direct binding interaction between the NR2A subunit and PSD-95, we engineered NR2A subunits lacking the PDZ motif or in which Ser-1462 was replaced by Ala or Glu. The Ser to Glu mutant mimics the negative charge of phosphorylated Ser-1462. Phosphorylation by casein kinase II of the analogous Ser residue in the NR2B subunit disrupts interaction of NMDARs with PSD-95 (25) . We reasoned that the Ser to Glu mutation, like the ESDV deletion or Ser1462Ala mutation, should block PSD-95 binding. As above, PSD-95 potentiated basal NMDA-elicited currents and markedly reduced the PKC potentiation in cells expressing wild-type NMDARs (Fig. 6A) . Removal of the PDZ-binding motif, or mutation of Ser-1462 to Ala or Glu, abolished PSD-95 potentiation of NMDA currents in confirmation of (17) but did not alter the responses after PKC activation ( Fig. 6 and SI Table 2 ). These findings indicate that Ser-1462 is required for interaction of PSD-95 with NMDARs, and that interaction of the two proteins is required for the increase in NMDA currents induced by PSD-95 expression.
PKC Promotes NR1 and NR2 Assembly, but Does Not Affect Association of PSD-95 with NMDARs in Neurons. Casein kinase II phosphorylates Ser-1480 in the PDZ-binding motif of the NR2B subunit, thereby disrupting interaction of NMDARs with synaptic scaffolding proteins such as PSD-95 (25) . Although PKC does not directly phosphorylate this site in NR2B (25) , PKC phosphorylation might directly or indirectly modulate the interaction of NMDARs with PSD-95. To test this possibility, NMDARs were immunoprecipitated with an anti-NR1 antibody from cortical neurons treated with TPA (400 nM with 10 M okadaic acid, 15 min) or control medium. PKC activation increased the amount of NR2A subunit that coimmunoprecipitated with the NR1 subunit to Ϸ1.4-fold of control but did not significantly alter the amount of PSD-95 that coimmunoprecipitated with the antibody to either NR1 (Fig. 7) or NR2A (not illustrated). Thus, PKC activation significantly reduced the ratio of PSD-95 to NR2A (control, PSD-95/NR2A ϭ 1.0 Ϯ 0.08, n ϭ 19; TPA, 0.75 Ϯ 0.07, n ϭ 21; P Ͻ 0.01 for control vs. TPA; Fig. 7B ). Similar results were observed for the NR2B subunit (not illustrated). The TPA-induced increase in NR2A that coimmunoprecipitated with the NR1 antibody was blocked by the highly specific PKC inhibitor GF 109203X (31), verifying TPA action by PKC (Fig. 7B) . These findings suggest that PKC activation promotes assembly of NR2 with NR1, consistent with our findings that PKC promotes insertion of new channels in the plasma membrane (Figs. 3 and 4) but has little effect on the interaction of NMDARs with PSD-95. 
Discussion
Neuronal NMDARs colocalize with PSD-95, a putative NMDAR anchoring protein and core component of the PSD, at excitatory brain synapses (10) . PKC increases the number of functional NMDARs at the cell surface of oocytes and neurons and increases NMDA channel opening rate (23) . Similarly, PSD-95 promotes insertion of new NMDARs, stabilizes receptors in the plasma membrane, and enhances channel opening rate (17) . In each case, the major factor is the increase in channel number. Here we show that, whereas PKC and PSD-95 each independently potentiate NMDAR gating and trafficking, they do so in a nonadditive manner. Importantly, PKC potentiates the NMDA response and surface expression to the same final value in the absence or presence of PSD-95. Thus, PSD-95 coexpression reduces PKC potentiation, defined as the ratio of NMDA elicited current channel opening rate, channel number, or surface expression measured after PKC potentiation to that measured before PKC potentiation. We further show that the PDZ-binding motif in the NR2A subunit, but not that in the C2Ј cassette of the NR1 subunit, is required for the effects of PSD-95 on NMDARs and on PKC potentiation. Our coimmunoprecipitation experiments with neurons show that, whereas PKC promotes interaction of NR2A with NR1, it has no effect on interaction of NMDARs with PSD-95 in neurons. A possible mechanism is that there is a limited pool of potential NMDARs, and that PKC promotes assembly and insertion of NMDARs that are not associated with PSD-95.
Findings in the present study are consistent with findings of others that PSD-95 reduces the PKC potentiation ratio of recombinant NMDARs expressed in oocytes (26, 27, 32) . The present study extends those observations, in that we show that PKC potentiates NMDAR-elicited currents, channel opening rate, number of functional channels, and surface expression to the same final values in the absence and presence of PSD-95. We compared responses before and after PKC activation in the same cell and compared responses in the absence or presence of PSD-95 in different cells within a given batch of oocytes to reduce variability. 17 and the present study) and its occlusion of PKC potentiation (present study). In contrast, the consensus PDZ-binding motif present in the C2Ј cassette of the short splice forms of NR1 (30, 33, 34) is not required for the effects of PSD-95 on NMDARs. These findings provide evidence for the specificity of the PSD-95 action by binding to the NR2B subunit. Whereas alternative splicing within the Nand C-terminal domains of the NR1 subunit affects PKC potentiation (ref. 22 and the present study), it does not affect PSD-95 potentiation or apparent occlusion of PKC potentiation. Interestingly, PSD-95 may interact with NR2A-and NR2B-containing receptors by somewhat different but overlapping domains, although the data are incomplete (26, 27) . Whereas the first two PDZ domains of PSD-95 are required for inhibition/occlusion of PKC potentiation of NR1-NR2A receptors, the N-terminal domain of PSD-95, which contains potential palmitoylation sites, is required for inhibition of PKC potentiation of NR2B-containing receptors (27) . Only the second PDZ domain of PSD-95 is necessary for its Table 2 for detailed values. Methods are as in Fig. 1 . inhibitory action on Src-mediated potentiation of channel activity (27) . This same palmitoylation domain is required for PSD-95-dependent targeting of NMDARs to synaptic sites (14) .
Physiological Significance of the Occlusion. The present study indicates that PSD-95 increases NMDAR surface expression and channel opening rate and also partially occludes PKC potentiation of NMDAR. Our coimmunoprecipitation experiments are consistent with the possibility that PKC promotes assembly and insertion of new NMDARs that are not associated with PSD-95. The PDZ-binding motifs in the NR2A and NR2B subunits play different roles in the synaptic localization of NMDARs; whereas truncated NR2B subunits lacking the PDZ binding motif cannot localize to the PSD, truncated NR2A subunits can still target to synaptic sites (35) . Thus, newly assembled NMDARs would be delivered to different domains within the neuron depending on their NR2 subunit composition.
These findings suggest a mechanism for the activity-dependent regulation of the NMDA excitatory postsynaptic current. Synaptic activity and visual experience modify PSD-95 abundance at synapses (36, 37) . The abundance of PSD-95 could, in turn, affect the number of receptors available for insertion in response to activity and thereby affect synaptic plasticity. Our findings in the present study that association of PSD-95 with NMDARs increases NMDAR insertion and opening rate are consistent with findings that after acute knockdown of SAP-102, hippocampal slice cultures from the PSD-95/PSD-93 double knockout exhibit markedly reduced NMDA-excitatory postsynaptic currents (38) . Changes in NMDAR number in the postsynaptic membrane provide a critical mechanism for altering synaptic strength rapidly, i.e., over minutes (3) . Given that NMDARs, PDZ containing proteins and PKC are widely expressed throughout the central nervous system, modulation of PKC potentiation of synaptic NMDARs by PSD-95 provides a potentially important way to affect synaptic transmission.
Materials and Methods
Selected Stage V and VI oocytes from adult Xenopus were injected with NR1, NR2A, and PSD-95 mRNAs (sources and detailed methods in SI Supporting Text). Whole-cell currents (voltageclamp) were recorded Ϸ24 h after injection of PSD-95. Currents were elicited by bath application of NMDA plus glycine as indicated in Mg 2ϩ free frog Ringer solution, normal or with CaCl 2 replaced by BaCl 2 . PKC was activated with the phorbol ester, 12-Otetradecanoyl phorbol-13-acetate. Single channel currents were recorded from outside-out patches excised from devitellinized oocytes expressing recombinant receptors in the presence or absence of PSD-95. To study the effect of PKC, patches were obtained before and after TPA application. Oocytes expressing NR1-4b/ NR2A (NR1 100 /NR2A) receptors in the absence or presence of PSD-95 were labeled with monoclonal antibody 54.1 directed to the extracellular loop of the NR1 subunit. For coimmunoprecipitation, dissociated cortical neurons were cultured from day 18 rat embryos and harvested in immunoprecipitation buffer after 9-10 days in culture. Extracts were incubated anti-NR1 C-terminal antibody to immunoprecipitate NMDAR complexes. After reaction with Protein G, immunoprecipitates were eluted from beads by incubation with SDS/PAGE loading buffer and subjected to electrophoresis. All data are presented as means Ϯ SEMs for three to six experiments performed with different oocytes from a minimum of two batches. Statistical significance was assessed by Student's unpaired t test.
